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Introduction/purpose: Myopic laser vision correction surgery, in particular Laser-Assisted in situ 
Keratomileusis (LASIK), is a common and widespread procedure in which tissue is ablated from the 
central part of the cornea. The resulting flattening decreases the corneal refractive power and allows 
the formation of sharp images at retinal plane in myopic eyes. Although it is a generally safe 
procedure, a complication related to an excessive reduction in the overall corneal stiffness, leading to 
visual impairment, has been reported as a major concern. Preoperative screening in order to exclude 
patients at risk to develop this complication is paramount. Several parameters have been described 
as relevant to preoperative screening. However, the corneal material properties so far have not been 
evaluated to this purpose. In this thesis, the corneal material properties were evaluated as a risk factor 
for post-LASIK ectasia. 
Methods: Data from 32 eyes of 32 patients who have remained stable after LASIK surgery for 
correction of myopia and data from 4 eyes of 2 patients that developed post-LASIK ectasia including 
corneal topography, axial length, intraocular pressure (IOP) and surgery details were evaluated. 
Corneal topography, axial length and IOP were used to create eye-specific corneal models. A series of 
numerical simulations considering patient-specific models and actual surgical parameters with 
different corneal material constants was conducted. Error calculations between each numerically and 
clinically obtained corneal curvatures were used to estimate patient-specific corneal stiffness. The 
corneal material properties of both groups were compared. Normalised corneal material constants 
were used as previously described, with one being representative of the average normal population 
and a range between 0.5 and 2.5 representative of the physiological corneal stiffness. 
Results: The average corneal material parameters on the stable group was 1.2 ± 0.6, and the average 




Conclusion: It was observed that the patients that developed the post-LASIK ectasia presented 
considerably softer corneas compared to the patient that remained stable. To the best of our 
knowledge this was the first study to address this concept with a structured methodology and observe 
that the corneal material properties can be used as risk factors to the development of post-LASIK 






Sight is possibly our most important sense. The development of systems with the ability to perceive 
light had conferred to our most primitive ancestors, over millions of years, several evolutionary 
advantages. The ability to control a circadian rhythm, to identify the source light direction and final 
development of a high-resolution visual system, made possible the detection and pursuit of other 
animals, camouflage, and adornment to attract mates. In other words, sight enhanced our ability to 
interact with the world and with other beings (1).  
The human visual system is a complex network, in which the eyes work as sensors capturing and 
transforming the light signal in the electrochemical stimulus conducted through the optic pathway 
until the visual cortex to allow image interpretation.  In order to trigger this chain reaction, it is 
necessary that the light stimulus reaches the retina. This involves refracting the light by the eye optical 
system, the main structures of which are the cornea, responsible for around 70% of the refractive 
power of the eye, and the lens. If the ocular dimensions are not matched to the ocular refractive ability 
a blurred image will be formed on the retinal plane. To this inability of forming sharp retinal images is 
given the name of refractive errors.  
The common refractive errors are usually classified as myopia, hyperopia and astigmatism. In the first 
two, the light refracted pattern is symmetric but not focused on the retinal plane, it is either before 
(myopia) or after it (hyperopia). Whilst in astigmatism the pattern is asymmetric and a single focusing 
point is not possible. 
Myopia is the most prevalent refractive error around the world. It is estimated that by 2050, 5 billion 
people will be affected by it (2). The uncorrected refractive errors are one of the leading causes of 
vision impairment and the economic burden associated mostly with myopia, is more than 200 billion 
international dollars (3-6). 
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The correction of myopia can be achieved with the use of glasses, contact lenses or refractive surgery. 
Some authors addressed the quality of life issues of myopic patients. Shams et al, found that the 
quality of life of myopic patients is higher among the ones that underwent refractive surgery (7). Price 
et al observed that the easiness of night driving and overall satisfaction were higher among patients 
that were operated on than among contact lens or spectacle wearers (8). Rose et al, noticed that the 
impairment in quality of life of patients with high myopia was similar to those with keratoconus and 
more than 90% of patients with all degrees of myopia were aware of the possibility of surgical 
treatment and up to 60% of those were considering to undergo the procedure (9). 
There are some refractive procedures currently available to correct myopia. Surgery can be 
undertaken on the corneal plane, by reshaping it so its focal length matches the retinal plane. This 
corneal reshaping can be achieved with the use of laser tissue ablation or with the implant of ring 
segments on the corneal stroma. Other surgical options are at the lens level. An auxiliary lens can be 
implanted either in the anterior or in the posterior chamber, or the replacement of a patient’s original 
lens with a pseudophakic one can be performed.  Even though there are many options, the most 
commonly performed, safe and with the highest degree of satisfaction procedure for myopia is the 
laser tissue ablation (10). 
The foundations of corneal refractive surgery were laid around 70 years ago by the Spanish 
ophthalmologist José Ignacio Barraquer. In his law of thickness, he found out that the cornea flattens 
if you remove tissue from the centre or add it to the periphery, and conversely, it steepens if you add 
tissue to the centre or remove it from the periphery (11). Until the 1980’s corneal reshaping was 
obtained by mechanical removal of the tissue with scalpels. The discovery of the excimer laser, which 
was able to disrupt biological tissue at a molecular level with minimum damage of the surrounding 
tissue, made possible precise and clean corneal reshaping, even with an observed increase in corneal 
temperature (12-14). So, in order to correct myopia, corneal flattening is obtained with precise laser 
tissue ablation.  
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The procedure’s safety and effectiveness have been widely reported (8, 15). However, post-surgical 
ectasia is a major threat, and surgery must be avoided in patients at risk of developing it. In this 
complication, the cornea is softened beyond a threshold in which it can maintain its shape under the 
pressures that act inside and outside the eye, leading to progressive vision impairment and in extreme 
cases to the need for corneal graft surgery (16). Current screening methods are based on the 
identification of corneal shape patterns that could represent corneal fragility. This method is still 
fallible and ectasia has been reported in cases with considered normal shape, even in surgeries that 
promoted mild changes to the corneal tissue (17).  
The amount of corneal flattening is related to the amount of tissue that is removed, wound healing 
and biomechanical responses to the surgery (18). It was observed clinically that patients undergoing 
higher amounts of myopia correction (resulting in a softer cornea in the postoperative) tend to present 
undercorrection (19, 20). Also, it was observed that regression after surgery (re-steepening of the 
cornea) was related to lower corneal thickness at the preoperative and to lower residual stromal bed 
at the postoperative (21). Along with the first clinical observations, that corneal structure was 
intimately related to the final shape after the surgery, devices able to measure corneal biomechanics 
in vivo were developed. This made understanding of this corneal feature possible in refractive surgery 
screening and planning (22). 
Precise modelling of corneal material properties and refractive surgery were achieved with corneal 
numerical simulations (23, 24). However, the role of corneal material properties in evaluating 
biomechanical fragility prior to shape alterations, and relating this to the corneal ectasia after the 
procedure, has not been performed yet. In light of this, this thesis aims to study the corneal material 
properties in more depth and evalute its role as a risk factor for post-LASIK ectasia. 




First chapter provides an introduction and background contextualisation. The aim and objectives of 
the thesis to address existing gaps in current knowledge are outlined.  
Second chapter reports on the numerical modelling of the surgery and the corneal shape changes 
following the procedure while considering the material properties of the cornea.  
Third chapter reports on the clinically-observed corneal shape changes in stable and ectasia cases.  
Forth chapter compares the numerical predictions with the clinically-observed corneal shape changes. 
The chapter highlights the main outcome of the study that is the difference found in corneal material 
properties in patients that remained stable and those that developed post-surgical ectasia.  
Fifth chapter discusses the results in relation to previously published literature, states the limitations 





Chapter 1:  Introduction and Literature Review 
1.1 Introduction 
The ocular optics, refractive errors and their surgical correction have been extensively debated in the 
literature. There is also a considerable amount of work in understanding the biomechanics of eye with 
emphasis on the cornea. For example, a search in PubMed for those terms returns more than 100,000 
entries. This knowledge supported the conduct of numerical simulations of the eye and study of its 
behaviour under internal or external forces, in order to be able to precisely predict in a virtual 
environment the ocular response to medical procedures (23). 
In this chapter, the literature on eye structures and optical properties is reviewed. The refractive errors 
and their surgical correction, especially LASIK (most performed refractive procedure around the world) 
are also evaluated based on findings of previous studies. This is followed by a review of earlier clinical 
and experimental studies relating ocular biomechanics to refractive surgery outcomes. Finally, ocular 
and refractive surgery numerical modelling along with the evaluation of corneal material properties is 
reviewed and its gaps and limitations are briefly discussed. 
1.2 Eye Structure and Optics 
In this section, the structure and optics of the eye are discussed. The corneal features are reviewed in 
depth since the cornea is the most important refractive surface of the eye and its structure is normally 
remodelled in refractive surgical procedures.  
1.2.1 General Anatomy and Physiology of the Eye 
The eye is a fluid-filled, pressurised, slightly asymmetrical sphere. Its average sagittal length is about 
24 to 25 mm and its average transverse diameter is of 24mm. The resulting volume is of 6.5 mL. Three 
outer layers, three inner fluid chambers and the lens compose the eye (25). 
The outer layers are divided into external, intermediate and internal. The external layer is mostly 
composed (five-sixths) by a white and opaque fibrous tissue, the sclera. A clear, transparent, highly 
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specialised tissue in the front part of the layer is responsible for the other sixth, the cornea. A 
transition zone between both areas is called the limbus. This layer has a dual function. It isolates the 
inner part of the eye from the outer environment, and so protects the eye from foreign particles and 
infectious microorganisms and bears the intraocular pressure (IOP). It also permits the sight by 
allowing the light to enter the eye through the transparent cornea (26). 
The intermediate layer, also known as uvea, is composed of three distinct but continuous structures. 
The iris and the ciliary body form the anterior part and the choroid forms the posterior part of this 
layer. The iris regulates the amount of light that enters the eye by its adjustable aperture, the pupil. 
The ciliary body anchors and regulates the shape of the lens in the process of accommodation and 
produces one of the ocular fluids; the aqueous humour. The choroid is mainly a vascular structure that 
oxygenates, nourishes and eliminates the metabolic sub-products of the eye, especially from the 
avascular inner structure, the retina (27). It has also a dark pigment, melanin, which prevents 
unnecessary light reflection that would interfere with the process of image formation (28). 
The inner layer or the neural layer is called retina. It is composed of multiple light sensors; the 
photoreceptors and neural cells, to allow the transformation of light into an electrochemical signal 
that can be transmitted through the nervous system and processed by the brain (29). 
The three fluid chambers are the anterior chamber situated between the cornea and the iris, the 
posterior chamber situated between the iris and the lens and the vitreous chamber situated between 
the lens and the retina.  
Both anterior and posterior chambers are filled with a watery fluid; the aqueous humour. It serves as 
a surrogate to blood to the avascular cornea and lens that in order to maintain its transparency cannot 
afford to have blood vessels. So, it has the function to nourish the anterior and posterior chamber 
structures, remove excretory products of metabolism and help to stabilise the eye structure. It is 
produced and drained constantly, its turnover rate is of 2.4 ± 0.6μl/min (30). Its flow path starts at the 
ciliary body, where it is produced, reaches the posterior chamber, and after passing through the pupil 
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it reaches the anterior chamber. It is drained to the episcleral vascular system by the trabecular 
meshwork, located at the anterior chamber angle, between the cornea and the anterior iris and by an 
alternate pathway at the uveal meshwork and anterior face of the ciliary muscle (31). If the equilibrium 
of production and drainage of the aqueous humour is disrupted, the eye may face an increase in its 
pressure, which is a major risk factor for the development of glaucoma (32). The IOP measurement by 
the applanation method is also highly influenced by the corneal thickness and the measurements in 
naturally thin or thinned corneas due to refractive surgery tend to be underestimated (33-35). 
The vitreous chamber is filled by a gelatinous substance, also transparent; the vitreous humour. It 
accounts for most of the volume of the eye, around 80%. It is responsible for maintaining the eye’s 
shape and the presence of phagocytic cells results in cleaning of blood cells and cellular debris that 
could interfere with light transmission. It also keeps the retina in place, by pushing it back towards the 
choroid (36). 
The crystalline lens is a transparent biconvex structure responsible for refracting light. In order to keep 
its clarity, it has no blood vessels after foetal development. All its metabolic requirements and waste 
carry off is dependent on the aqueous humour (37). It lies between the iris and the vitreous humour 
and is suspended by thin strong fibres, the zonules of Zinn. They are attached to the crystalline equator 
and to the ciliary body (38). The contraction of the ciliary muscles and relaxation of the zonules affect 
the crystalline lens shape, making it more spherical, increasing its refractive power and favouring near 
vision. This process is known as accommodation (39). 
The lens is constantly growing throughout the aging process. Meanwhile, it assumes an increasingly 
curved shape that can increase the refractive power of older lenses (40). Nevertheless, a myopic shift 
is not always observed in elderly patients because the refractive index reduces with age due to, among 
other factors, an increasing of water nuclear content and an increasing presence of insoluble protein 
particles (41). Therefore, either a myopic or a hyperopic shift can happen according to the balance 
between these two processes.  
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1.2.2 Anatomy and Physiology of the Cornea 
The cornea is the frontmost outer part of ocular tissue. Along with its role in protecting and shaping 
the eye, it is together with the tear film in front of it the most important ocular refractive surface, 
responsible for approximately 70% of the total refractive power. It has a complex structure formed by 
several components carefully arranged in order to keep its transparency and geometrical shape. The 
study of corneal anatomy, physiology and biomechanics are of extreme importance in refractive 
surgery procedures.  
Corneal Anatomy 
The cornea has an almost circular cross-section with the horizontal diameter measuring from 11.5 to 
12mm and the vertical diameter measuring 1mm less than that. Its thickness is thinner at the centre 
and gradually thickens towards the periphery. The shape of the cornea is prolate and aspheric with 
the centre being steeper than the periphery resulting in less spherical aberration (42). Corneal shape 
and curvature are a result of its intrinsic biomechanical properties under IOP and external forces 
affecting the eye (18). The organisation and distribution of the collagen bundles in the anterior stroma 
providing a higher stiffness to this region appear to be important to the maintenance of corneal shape 
and curvature (43). 
Traditionally the human cornea has 5 distinguishable layers: epithelium, Bowman’s layers, stroma, 
Descemet’s membrane and endothelium. More recently a new layer, the Dua’s layer, between the 
posterior stroma and the Descemet’s membrane has been described with particular importance in 
corneal graft surgery (44). However, it was subjected to some criticism as to its existence and on its 
eponym (45, 46). 
The cornea has a stratified squamous non-keratinised epithelium composed of 4 to 6 layers (47). Its 
thickness is approximately 50µm (48). The most superficial epithelial cells have projections to increase 
the surface of contact with the tear film and are firmly adhered to each other with tight junctional 
complexes. This inhibits tears from entering the intercellular space and works as a barrier to toxins 
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and microorganisms (26). There is a complete turnover of the cells in around 7 days (49). And its 
thickness is not uniformly distributed, which is important to the final optical effect of the eye 
smoothing some surface irregularities (50). This feature must be taken into account in laser refractive 
procedures since it can modify their effect (51). While it is important to the eye optics, the interaction 
with the tear film and the protection against external agents, corneal epithelium plays a small role in 
corneal biomechanics (52). 
The Bowman’s layer is an acellular, non-regenerating condensation of randomly distributed collagen 
fibres and extracellular matrix that is placed between the epithelium and stroma (53). Recently, its 
transplant is proposed to treat advanced stages of corneal ectatic disease (54). 
The thickest layer of the cornea is the stroma that represents around 90% of the tissue. Its three 
primary non-aqueous components are collagens, proteoglycans and cells. The collagen fibres and the 
extracellular matrix are regularly disposed of, which is important for corneal transparency (55). The 
stroma is the most relevant layer in corneal biomechanics properties. The lamellar interweave and the 
3D collagen structure, are important to explain the corneal biomechanical properties (56). Some other 
aspects also influence the biomechanics, such as the crimps of the collagen fibres, which are not 
straight on a micro scale (57).  
The most prevalent cellular component of the stroma is the keratocytes. They are more prevalent in 
the anterior stroma and synthesise collagen molecules, glycosaminoglycans and matrix 
metalloproteases, which are all crucial in maintaining the extracellular matrix and the homeostasis of 
the tissue (58). Up to one-third of the cellular soluble protein content is composed of “crystalline”, 
this protein reduces the light backscatter of the keratocyte and contributes to corneal transparency 
(59). 
The basement membrane of the endothelium is the Descemet’s membrane. It is a thin membrane, 
composed of two parts. The anterior part, 3µm thick, is secreted before birth and possesses a 
distinctive banded pattern. The posterior part is unbanded and secreted after birth. It thickens with 
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age and can reach 7µm in older adults (60). Its major components are collagen type IV, present in most 
basement membranes, and collagen type VIII, more specific to the Descemet’s membrane, which is 
important to its correct assembly and corneal stability (61). 
The corneal endothelium is a thin single layer that covers the Descemet’s membrane and is in contact 
with the aqueous humour (62). It is highly metabolic, active with the Na+/K+-ATP pump and the 
intracellular carbonic anhydrase pathway, important to regulate the corneal hydration state and 
transparency (63). It also has a high number of Golgi complex resulting in high secretory activity 
responsible for the secretion of the Descemet’s membrane (64). 
1.2.3 The Optical System of the Eye 
All these structural components previously described are arranged in order to obtain the best optical 
performance. The ocular optical system is the result of its two main refractive bodies, the cornea and 
the lens, the pupil and the retina.  
The cornea is a meniscus lens. Its surface roughness at the outer epithelium is smoothed by the tear 
film to improve its optical quality (65). It has a toric-ellipsoid shape that works to compensate the 
optical spherical aberrations present in perfect spheres. This is not completely possible since the 
cornea is off-axis resulting in horizontal coma aberrations (66). However, the measured aberrations 
of the cornea are higher than those of the whole eye, and it has been demonstrated theoretically and 
clinically that the angle of incidence of the light in the cornea and its internal structures such as the 
young crystalline lens work to compensate these aberrations (67-69). 
It is challenging to study the lens optics. Its shape and refractive power change considerably with 
accommodation and it keeps growing continuously with age (70). Another complexity factor present 
in the human lens is that its refractive index increases from the surface towards the centre, creating a 
gradient index (71). Apart from the aberrations that, as mentioned partially compensate the corneal 
aberrations, light scattering can affect the lens. The young lens is highly transparent and interferes 
minimally with light transmission. With ageing and pathological processes, the fibrous component of 
7 
 
the lens gradually increases light scattering and loss of transparency resulting in the formation of 
cataract (72). 
The pupil is nasally dislocated about 0.5mm from the optical axis which may produce ocular 
aberrations, such as coma (73). However, it is a contractile diaphragm that controls the light entrance 
to the eye. With high light levels, the pupil contracts reducing the aperture size, this reduces the 
incidence of peripheral rays that are more aberrated than the central. In low light situations, it dilates 
to increase the number of photons entering the eye.  Even receiving more light from the periphery 
with greater amounts of aberrations, to increase the number of photons entering the eye is important 
for a better signal-to-noise ratio. So the pupil can balance the noise and optical blur to obtain an 
optimal adjustment between factors that can affect optical quality (74). 
The retina not only plays a role in converting the light signal to something that can be transmitted to 
the central nervous system and interpreted, but it also has optical functions. The curvature of the 
retina corresponds to the curvature of the image, which allows for a better peripheral resolution (75). 
Also, each cone, the most common photoreceptor cell of the macular centre, functions as an individual 
waveguide that points approximately to the centre of the pupil. In this way, the maximum image 
resolution will be obtained in the centre. The lower luminous efficiency of the peripheral rays 
diminishes their aberrations. 
The optical components are relatively asymmetric and misaligned, resulting in an imperfect optical 
system. However, the eye is a robust optical system (76). These imperfections and misalignments are 
displayed in such a way they are able to compensate each other.  
 
1.3 Corneal Surgery for Correction of Refractive Errors 
It was discussed previously that the refractive errors can be corrected with glasses, contact lenses and 
surgery. The imperfect optical status (aberrations) of the eye was also considered. Regular glasses and 
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soft contact lenses are only able to correct the less complex aberrations of the eye or low order 
aberrations, while the surgery can act on more complex or high order aberrations. The low order 
aberrations comprised by myopia, hyperopia and astigmatism are more relevant for visual acuity 
reduction and as seen previously not all high order aberrations are bad (77). In addition to that, surgery 
can produce high order aberrations and their correction is often desirable for a significant number of 
patients (78). 
As observed by Barraquer in his law of thickness, removing tissue from the centre of the cornea causes 
flattening and from the periphery causes steeping (11). Laser corneal surgery is the current gold-
standard procedure to achieve this reshaping. The procedure is flexible and can be done in several 
ways. Tissue can be ablated from the corneal surface (photorefractive keratectomy – PRK) or below a 
corneal flap (LASIK) and it can also be removed in the form of a lenticular button without disrupting 
completely the above corneal tissue (small-incision lenticule extraction – SMILE).  
The most performed surgical procedure is LASIK, in which a flap is created and tissue beneath it is 
removed in order to alter corneal topography and hence achieve visual correction(79). Even though 
the flap is then placed back, it can no longer re-attach fully to the residual stroma, and therefore 
cannot bear the stresses caused by the external and internal loads applied on the cornea. In 
comparison to surface ablation techniques, such as PRK, that do not spare the corneal central 
epithelium, LASIK promotes a fast and almost painless recovery, reduced wound healing response that 
results in lower rates of haze (corneal opacities) and more predictability and stability in high 
corrections (80). On the other hand, SMILE is a relatively new procedure that uses a femtosecond laser 
to create a lenticule inside the stroma without cutting and lifting a flap. The lenticule is then removed 
through a small, 2-3 mm long, incision leaving the tissue above it mostly connected to the surrounding 
tissue. SMILE, therefore, has theoretically the same advantages of LASIK over surface ablation 
procedures, but without the softening of the flap (81, 82). However, it is a relatively new procedure, 
not as widespread as LASIK and is highly demanding of the laser machine and surgeon experience. 
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Furthermore, its theoretical advantages still need to be better investigated in mathematical models 
and studies involving animal experimentation and effects in human subjects. 
1.4 Biomechanical Response of LASIK 
Corneal tissue removal and flap creation during LASIK are essential steps to achieve corneal reshaping. 
One inevitable consequence is the resultant corneal softening that can occur after both steps. It has 
been demonstrated in clinical studies that the flap cutting itself without tissue removal produces 
corneal softening measured in vivo. Gatinel et al. using the Ocular Response Analyzer (ORA; Reichert, 
Buffalo, NY), observed a reduction in corneal hysteresis and corneal resistance factor after the first 
hour of flap cutting with a mechanical blade, that kept stable for one month when the flap was lifted 
and the surgery performed (83). Leccisott et al. using a femtosecond laser to cut the flap observed, 
before lifting it, corneal softening with an ultra-high speed Scheimpflug camera attached to an air-puff 
tonometer, the Corvis ST (Oculus Optikgerate GmbH) (84). The corneal softening was also 
demonstrated in ex vivo human corneas, and the amount of softening was related to the side cut angle 
(85). 
If the corneal tissue is softened above a threshold in which it can no longer maintain its shape under 
the intraocular and external pressures, a bulging (iatrogenic keratectasia) can occur. The first cases of 
corneal ectasia were described by Seiler in 1998 and he observed that the resulting corneal stromal 
bed, amount of corneal tissue resultant after laser ablation and flap cutting, had its tangential elastic 
model reduced to the same level of “natural” occurring ectatic disease such as Keratoconus (86). Later 
in the same year, he observed that if the cornea presents mild forms of keratectasia at the 
preoperative a small amount of softening can be sufficient for the progressive form of the iatrogenic 
induced disease (87). In 2000, in a prospective controlled study, Naroo and Charman observed an 
association between the amount of tissue ablated from the cornea and the refractive regression due 
to bulging (88). In the same year, Kamiya et al, also observed an association between the posterior 
corneal bulging and the residual stromal thickness (89).  After that, it was extensively described in the 
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literature that corneal ectasia can occur even with small changes in corneal tissue during the surgery, 
and in some cases, previous shape alterations were not identified (17, 90-92). 
The resulting corneal shape after the surgery is dependent on corneal biomechanical properties. In 
severe cases of softening it can lead to iatrogenic ectasia as mentioned, and in less severe softening it 
can lead to smaller amounts of corneal steepening and regression of the attempted correction. In 
studies with short and long follow-up periods, it was observed that the higher amount of tissue 
removed and/or lower corneal thickness at the preoperative which results in lower stromal bed 
thickness (softer cornea), the regression is more likely to happen (19, 21, 88, 93). In other words, the 
resulting corneal shape is related to the corneal stiffness, as observed in this thesis.  
1.5 Numerical Modelling of Corneal Responses after LASIK 
The finite element model (FEM) developed to help solve the design, construction and maintenance of 
civil structures and mechanical systems, is increasingly being utilised in biomedical sciences, including 
ophthalmology (23, 94-96). 
Most of the numerical models were developed in ophthalmology with applications in refractive 
surgery. The change caused by the corneal lenticular flap was evaluated in a 3D patient-specific whole 
eye model by Deenadayalu et al (97). They used an orthotropic material model and observed that the 
flattening resulting of the flap was higher in softer corneas when compared to stiff ones. However, 
they did not model the effect of tissue removal. Roy et al created a 2D model of the whole eye in 
which they considered two different corneal material properties, one soft and one stiff. Their model 
predicted mild overcorrection in stiff corneas and undercorrection in soft corneas (98). This is in 
accordance with what was previously observed in clinical studies of myopic regression (steepening) in 
high amounts of treatment (21). Roy and Dupps, built a 3D corneal-scleral LASIK model using patient-
specific corneal topography and predicted the amount of reduction in corneal elasticity after the 
procedure with inverse analysis comparing the topography obtained numerically and clinically. Even 
though they considered an enhanced ablation profile, the flap shape was neglected (99). The same 
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group conducted another study using numerical models comparing LASIK and SMILE, which suggested 
that SMILE was a relatively safer procedure (100). The same conclusion was reached by Seven et al. 
comparing contralateral procedures in the same patient flap based tissue removal and SMILE (101). 
Bao et al. created a patient-specific whole eye 3D LASIK model with enhanced flap architecture and 
ablation profile. They found that the shape matching of the posterior numerical model and clinical 
post-operative topography was higher than when they just subtracted the shape of ablation without 
considering the biomechanical effect. They used Ogden material model to represent the hyperelastic, 
isotropic and nearly incompressible nature of the cornea with parameters previously described for a 
single age, 30 years, for all cases (24). No variable corneal material properties were considered in their 
study (24, 102-104).  Until now, a comprehensive analysis of the corneal material properties effects 
on a complex modelling of refractive surgery with enhanced flap architecture and ablation profile is 
still missing in the literature.  
1.6 Concluding Remarks and Aims of the Thesis 
The human visual system is complex and dynamic. Its parts are finely arranged in order to form sharp 
images on the retinal plane, so it can be transmitted to the central nervous system and properly 
interpreted.  As in most of the biological systems, lots of imperfections are present. This happens even 
in the normally working eyes. However, these imperfections are disposed of in a way to diminish each 
other’s effects. The most common cause of visual impairment is the low order aberrations or refractive 
errors, commonly named myopia, hyperopia and astigmatism, which derive from an imbalance 
between the ocular shape and its dimensions. They can be temporarily corrected by the use of glasses 
or contact lenses, or they can be more permanently addressed with surgery. 
There are several surgical options for correction of refractive errors, among them, LASIK is the most 
performed procedure worldwide. Corneal response to this laser procedure is highly dependent on its 
biomechanical properties. Soft or stiff corneas may affect the outcome of the procedure, which was 
theorised by clinical observations and tested in experimental, clinical and numerical studies.  
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Numerical modelling of the cornea with finite element analysis is a constantly growing field of 
research. Numerous different shape and material models were proposed to explain corneal behaviour 
after refractive surgery. So far, none of them have addressed the corneal material properties as a risk 
factor in the development of post-surgical ectasia and the varying effect inside and outside a 
physiological range of corneal stiffness on the response to the procedure. This thesis aims to address 








This part of the study was focused on reconstructing corneal anterior and posterior surfaces using 
corneal topography data to build patient-specific finite element (FE) models and simulate LASIK 
refractive surgeries. Different corneal material stiffness levels were tested in each case. The material 
that produced the smallest errors between the clinical and the numerical results in terms of anterior 
curvatures was considered to be representative of the patient’s true corneal material properties. Also, 
the effect of different materials on the final corneal curvature after the procedure was evaluated. 
The simulation process was divided into steps. Initially, an idealised model of the human eye using 
average dimensions was built. Next, patient-specific axial length, corneal elevation and thickness data 
were used to change the nodes coordinates of the cornea and sclera to match the eye-specific 
dimensions. One material model was chosen from a range of previously defined human corneal 
stiffness and the stress free configuration, a virtual state where the intraocular pressure (IOP) is zero, 
was carried out to obtain a relaxed model configuration (103). The surgery was simulated by removing 
the tissue as it would be done in the actual procedure. The final step was to re-inflate the eye to its 
originally measured IOP to obtain the simulated postoperative eye. At this step, correction of the 
model’s corneal thickness is performed to compensate for the lack of information from the surgical 
procedure. Finally, the comparison between the final numerical anterior surface and the 
postoperative clinical anterior surface is performed. The process is repeated with different material 
models and the one with the smallest error was assumed to represent the true material of the eye. In 
this process, it is also evaluated how the curvature changes with different values of material 
properties. These steps are described in detail in this chapter. 




This study used a custom-built MATLAB programme (105), to construct the idealised eye. As described 
previously, the corneal shape is dependent on the anterior surface, and the central and peripheral 
corneal thicknesses (CCT and PCT, respectively). The anterior topography is considered aspheric, with 
the peripheral curvature flatter than the central.  An ellipsoid is fitted to the anterior surface and the 
CCT and PCT are used as a reference and linearly interpolated to construct corneal thickness. The 
sclera is considered to have a spherical external shape and its thickness varies according to the region. 
At the limbus it is considered to be equal to the PCT, it gradually drops to 0.8PCT at the equator, then 
increases to 1.2PCT at the posterior pole (102).  
The 15-noded modified quadratic triangular wedge elements (C3D15H) with nodes located on the 
corners and on the middle of the edges were distributed in rings along the surface and in layers along 
the thickness. Boundary conditions were set to simulate the interactions of the eyeball with the orbit 
and prevent rigid body motion. Movement in equatorial nodes was constrained in the anterior-
posterior direction and in the corneal apex and the posterior pole in superior-inferior and nasal-









Figure 2 - 1 An idealised eye model, rotationally symmetric, with 60 rings in total (25 rings on the 
Cornea and 35 rings on the sclera). The corneal and scleral thickness are broken into two layers 
resulting in 21600 elements. The figure on the right represents a cross-section where the coordinate 
system is plotted on the bottom left corner. In red the polar and equatorial nodes are marked. 
2.3 Surgical parameters 
 
The flap thickness is obtained directly from clinical data. However, the availability of this information 
is limited and inaccurate because they are manually collected from two cross-sections of the cornea 
obtained with post-operative OCT images, figure 2-2. In addition, it is possible to observe that the flap 
thickness in the z-x and z-y cross sections do not intersect each other. Due to these limitations, an 
approximate estimation of the flap thickness is obtained by fitting the flap data points to second order 




Figure 2 - 2 OCT image presenting the flap boundaries. 
 
Figure 2 - 3 Cross-section z-x and z-y of flap thickness on the left. On the right 2nd order Zernike 
expression of the flap thickness. 
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The complete ablation profile is not available from the laser instrument manufacturer. The ablation 
profile was defined in a Cartesian coordinate system, calculated based on the depth of ablation at 
regularly-spaced points along meridians generated at corneal apex, derived using Munnerlyn’s 
formula (106),  















               (Eq. 3.1) 
 
where R1 is the radius of curvature of the central cornea, n is the refractive index of the cornea (1.376), 
D is the correction in dioptres and OZ is the diameter of the optical zone of the treatment. The radius 
of the post-ablated area is obtained by the usual trigonometric approach, using Heron’s formula, the 




Figure 2 - 4 Post-ablation corneal radius of curvature obtained with the Munnerlyn’s formula. AD = 
Ablation Depth, OZ = Optical Zone, R1 = preoperative radius of curvature of the central cornea, R2 = 
postoperative radius of curvature of the central cornea, a and b = sides of a triangle connecting the 
new apex and the two points of interception of the two circles, c = third side of the triangle, 
equivalent to the OZ. 
 










                                                                (Eq. 3.4) 
 
 
 Although it is widely used in clinical practice, the profile obtained with this formula is also a rough 
estimate, it does not take into account the cornea’s asphericity and is frequently underestimated (107, 
108). Since the surgical parameters cannot be accurately measured or estimated a correction 
considering the clinical postoperative thickness is made as will be explained afterwards. 
2.4 Patient-specific shape matching 
 
The idealised eye with its boundary conditions is used as the foundation to build the patient-specific 
shape. A custom-made MATLAB code was developed to read and adjust corneal node coordinates 
according to the corneal topography and the sclera is stretched according to the axial length. To 
proceed with this adjustment of node coordinates, the thickness map, anterior and posterior 
topography are fitted to 10th order Zernike polynomials, so the coordinates of nodes can easily be 
obtained. Clinical topography data, though, is only reliable in the central area up to 8mm diameter. 
This makes it necessary to extrapolate data, and the Zernike polynomials are only useful to predict 
data inside its orthogonal radius. The extrapolation process is then carried out with the fit of the best 
ellipsoid to the anterior surface, which is not as good as the Zernike polynomials to represent clinical 
data but it is efficient for extrapolation purposes. The final corneal anterior surface in the model will 
be formed in the central 8mm diameter area by the Zernike expressions and outside 10mm diameter 
until the limbus by the best-fit ellipsoid. In the middle zone, from 8 to 10mm in diameter, a smooth 





Figure 2 - 5 Schematic view of the steps to implement patient-specific corneal topography and 
thickness matching in numerical models 
This complete method is not adequate to match the thickness map since the best-fit ellipsoid is too 
simple to represent the complexity of the corneal thickness distribution. The adopted method was to 
keep the Zernike polynomials to fit the same central area of the thickness map. To predict the rest of 
the corneal thickness, first, the limbal ring thickness was taken by linear extrapolation of the thickness 
map and use average values of PCT to simplify the process of representing all the asymmetries of the 
map at that point. Then the corneal thickness between the Zernike expression area and the limbal ring 
was linearly extrapolated using data inside the Zernike radius and the predicted PCT at the limbus.  
To get the posterior surface shape, the anterior surface is taken and the predicted corresponding 
thickness to each point along the direction of the surface normals is applied. The final step of shape 
matching, the scleral stretching, is performed by changing the vertical coordinates of the scleral nodes 
to suit the measured axial length. Figure 2-6 exemplifies this process of changing the idealised eye 




Figure 2 - 6 On the left, the idealised model is represented. On the right, the patient-specific 
matching of corneal topography and thickness, as well as the scleral stretching. 
2.5 Material model 
 
The isotropic Ogden material model was incorporated into the model, so as to simulate the 
hyperelastic and incompressible nature of the cornea and sclera: 





𝑖=1   (𝜆1
𝛼𝑖̅̅ ̅̅ +  𝜆2
𝛼𝑖̅̅ ̅̅ +  𝜆3
𝛼𝑖̅̅ ̅̅ −  3) +  ∑
1
𝐷𝑖 
 (𝐽𝑒𝑙 − 1)
2𝑖𝑁
𝑖=1   (Eq. 3.5) 
where U represents the strain energy potential and 𝜆?̅? = 𝐽
−
1
3 𝜆𝑖 in which 𝜆𝑖 is the principal stretch and 
J the total volume strain. The material constants µ𝑖 and 𝛼𝑖 define the tissue stiffness and 𝐷𝑖 the 
compressibility of the material, which in this case is set as a very small value close to zero to represent 
the nearly incompressibility of the cornea and sclera (109).  
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The µ𝑖 and 𝛼𝑖 material parameters values were obtained through inverse analysis modelling described 
in (105) and the corneal physiological range (10% to 250% of the average of healthy patients) was 
defined in a parametric study with clinical and experimental validations(110). 
The simulation process starts with average material parameters values for cornea and sclera. The 
scleral material properties are around 5 times stiffer than the cornea. They were held constant during 
the simulation as this study is interested in corneal deformation and high stiffness of sclera would 
result in minor variations in deformation with no significant effect on the cornea. Hence by keeping 
the material properties of sclera the same, optimisation time for corneal material properties 
significantly decreased while the outcome remained highly accurate. Table 3-2 describes the constants 
used. 
Table 2 - 1 Corneal material parameter constants of cornea and sclera 
Tissue 
Physiological Range / 
Regions 
  Material parameters 
  
  μ1   α1   
Cornea 
10%  0.01361  110.83  
25%  0.02614  110.83  
50%  0.03542  110.83  
100% (Average)  0.05399  110.83  
150%  0.06807  110.83  
200%  0.08077  110.83  
250%  0.09224  110.83  
Sclera 
Anterior   0.27091   150.00   
Equatorial  0.18061  150.00  
Posterior   0.13328   150.00   
 
 
The epithelium contributes less to the overall stiffness of tissue than the other layers (52). To take this 
into account a superficial thin layer of 50μm thickness with 10% of the pre-set corneal stiffness 




Figure 2 - 7 Model with epithelium layer in blue 
 
2.6 Stress free configuration 
 
The clinical shape measurements are made with the tissue under stresses, which are derived mainly 
from the IOP (111). It raises two main issues when modelling. One is if it is used directly the clinically 
obtained stressed shape and re-applied IOP it will overinflate the eye and end up with a bigger model, 
not representative of the in vivo conditions. The other is if the IOP is not applied, the effect of the 
stresses that exist in the eye will not be accounted, also not being representative of the in vivo 
conditions.  
To get the eye’s stress free configuration, the virtual shape where IOP is set to zero, the following 
method described by Elsheikh et al was adopted (112). First, a numerical model, built with the stressed 
shape 𝑋0 is inflated with IOP. The displacements 𝜇1 resulting from this process are calculated using 
non-linear finite element analysis resulting in the shape after inflation 𝑥0. The first estimates of the 
displacements and of the stress free form 𝑋1 are expressed by 
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              𝜇1 =  𝑋0 −  𝑥0                                                             (Eq. 3.6) 
              𝑋1 =  𝑋0 −   𝜇1                                                             (Eq. 3.7) 
The following step is to inflate the initial stress free form 𝑋1 and calculate the error vector 𝜇2 between 
the inflated shape 𝑥1 and the initial stressed form 𝑋0 for all node positions. The second stress free 
form 𝑋2 is the result of the subtraction of the error vector 𝜇2 from the initial stress free form 𝑋1. 
              𝜇2 =  𝑋0 −  𝑥1                                                             (Eq. 3.8) 
              𝑋2 =  𝑋1 −   𝜇2                                                             (Eq. 3.9) 
 
This process is repeated k times and the nodal errors 𝜇𝑘 from the inflated eye 𝑥𝑘−1 and initial model 
𝑋0 are monitored.  
              𝜇𝑘 =  𝑋0 −  𝑥𝑘−1                                                             (Eq. 3.10) 
              𝑋𝑘 =  𝑋𝑘−1 −  𝜇𝑘                                                             (Eq. 3.11) 
The error estimate of the 𝑘𝑡ℎ iteration is defined by 
              𝑒𝑘 = ‖ 𝑋0 −   𝑥𝑘‖                                                             (Eq. 3.12) 
The iterative process ends when the error estimates 𝑒𝑘 are smaller than the tolerance. In this study, 
3 iterations have been performed for all cases and the final errors were smaller than the tolerance of 




Figure 2 - 8 Schematic description of the iterative process used to obtain the stress free 
configuration of the eye (112). 
2.7 Refractive surgery simulation 
 
In LASIK refractive surgery two main steps are performed: a flap cut and corneal tissue removal with 
an excimer laser. They were both simulated in the numerical model according to the clinical 
information as described above. The flap thickness profile fitted to a set of second order Zernike 
polynomials is used to adjust the thickness of the first two layers (including the epithelium) of the 
stressed numerical model. The ablation profile mathematically obtained with the Munnerlyn’s 
formula is fitted to fourth order Zernike polynomials in order to allow the assessment of the ablation 
depth at unsampled locations. This fitted profile is used to introduce a new layer in the stressed model 
as shown in figure 2-9. At this point, the corneal structure is yet not altered, the tissue that is going to 
be modified is until now only marked. This is important because when the stresses are removed, the 
thickness is expected to increase and the diameter to decrease. Since the surgery is going to be 




Figure 2 - 9 Ablation layer represents the corneal tissue that will removed with the surgery marked 
in black 
The actual surgical procedure simulation is carried out in the stress free form. The marked layer of the 
ablation profile is removed from the model and the upper layer’s nodes are shifted down accordingly. 
Next, the first two layers in the central 9mm diameter, corresponding to the flap, is separated from 
the model. The area that is not cut in the real clinical procedure, called the hinge, is simulated by re-
connecting the upper 4mm in arc length region of the flap to the rest of the model using multi-point 
constraints (MPC). Friction interaction is established in the contact interaction between the posterior 
flap and the superior residual stromal bed surfaces.  The post-operative stress free model is then re-
inflated to the full IOP measured clinically. 
2.7.1 Thickness correction factor 
 
Because of the approximations adopted in estimating refractive surgery parameters, the resulting 
numerical thickness did not always match the clinical postoperative thickness. A thickness correction 
factor was established comparing the postoperative inflated numerical model using the average 
material parameter (𝜇1 = 0.05399) and clinical postoperative shape. This correction factor is then used 
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to shift the posterior corneal surface inwards in the postopertive stress free model, before re-inflating 
it. In essence, it compensates for errors associated with flap and ablation measurements.  
2.7.2 Error assessment 
 
After obtaining the thickness correction factor with average corneal material properties, the whole 
process described above is repeated 6 more times for each eye individually. At each repetition, a 
different value of 𝜇1 in the predefined range is picked. In all the simulations the same value of the 
thickness correction is used. The refractive power map of the anterior surface is obtained for all the 
numerical simulations and for clinical elevation map. The refractive power map was calculated for the 
front surface (RPf) according to the equation, 
𝑅𝑃𝑓 =  
(𝑛𝑐𝑜𝑟𝑛𝑒𝑎 − 𝑛𝑎𝑖𝑟)
𝑟𝑓
                                                      (Eq. 3.13) 
where 𝑛𝑐𝑜𝑟𝑛𝑒𝑎 is the refractive index of the cornea (1.376), 𝑛𝑎𝑖𝑟 is the refractive index of the air (1), 
𝑟𝑓 is the radius of curvature of the anterior surface. Even though, regional and interpersonal variations 
occur in the index of refraction of the cornea, the most commonly used figure of 1.376 is used in the 
corneal topographer, and to enable comparisons with clinical data, the same value was adopted when 
calculating the refractive powers of corneal surfaces (113). 
The back surface refractive power (RPb) was calculated in a similar way as follows, 
𝑅𝑃𝑏 =  
(𝑛𝑎𝑞𝑢𝑒𝑜𝑢𝑠− 𝑛𝑐𝑜𝑟𝑛𝑒𝑎)
𝑟𝑏
                                                 (Eq. 3.14) 
where 𝑛𝑎𝑞𝑢𝑒𝑜𝑢𝑠 is the refractive index of the aqueous humour (1.336) and 𝑟𝑏 is the radius of curvature 
of the posterior surface, which will have a negative value. The total refractive power (RP) will be the 
result of the addition of RPf and RPb. 
The clinical assessment of topography is performed with 0.1mm resolution. A value of curvature radius 
is obtained at every single point of the corneal surface, within 0.1mm distance. The radius of curvature 
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of the clinical and numerical obtained corneal surfaces are converted to refractive power. The total 
corneal refractive power is calculated by adding the maps from the anterior and posterior surfaces. 
The mean total corneal refractive power value is calculated by averaging all points at central 3mm 
diameter. The mean error is obtained by subtracting the numerical value from the clinical. Averaging 
the points from the central 3mm diameter. 
The material constant that exhibits the lower mean error is considered to represent the true corneal 
material of the patient.  
2.8 Concluding remarks 
 
In this chapter, the numerical simulation of the refractive surgery and how it is used to evaluate the 
effect of corneal stiffness in the risk of developing post-surgical ectasia and on the final corneal 
curvature is explained. A patient-specific numerical model of the eye with different corneal material 
properties was built, the surgery as it would be done clinically was performed and compared to the 
obtained clinical curvature.  By doing that it was possible to obtain the corneal material properties of 
each eye included in the study and compare the two groups: patients who remained stable after the 








In this part of the study the effects of the refractive surgery in the corneal shape are described on the 
clinical dataset. The review of patients’ data submitted to LASIK at the Eye Hospital of Wenzhou 
Medical University followed the tenets of the Helsinki Declaration of 1964 and revised in 2013. It was 
approved by the Ethic Committee of the Wenzhou Medical University and written informed consent 
was provided by all participants (Appendix).  
3.2 Patients groups and surgical procedure 
 
Two groups of patients were defined: patients whose corneas remained stable after myopic LASIK 
surgery and patients who developed iatrogenic ectasia after the surgery, but without signs of the 
complications identified by the surgeon at the early postoperative – 3 months after the surgery. The 
inclusion criteria to be part of this study were to not have been submitted to LASIK previously, to 
present no identifiable signs of pre-surgery corneal shape alterations (subjective surgeon’s 
classification of corneal topography), recorded surgical parameters (maximum ablation depth, 
ablation and optical zone diameter), low surgical impact (residual stromal bed – RSB>250µm) and to 
have preoperative and early postoperative (3 months) complete clinical information including 
complementary examination results of corneal tomography, axial length and OCT measurements of 
the flap. Corneal tomographic exams were carried out using Pentacam HR (OCULUS Optikgerate 
GmbH, Wetzlar, Germany), and OCT imaging with Visante (Carl Zeiss Meditec, Dublin, California, USA). 
Axial length was measured by an A-scan ultrasound device (Compuscan UAB 1000; Storz Inc., St. Louis, 
MO, USA) and IOP was measured with a dynamic contour tonometer (DCT; SMT Swiss 
Microtechnology AG, Switzerland).  
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The LASIK procedure was carried-out as follows, a superior hinged flap was created with a single-use 
head 90 microkeratome M2 (Moria, Antony, France). The tissue ablation was performed using the 
excimer laser instrument, WaveLight Allegretto Wave Eye-Q 400 (Alcon, Forth Worth, TX, USA). 
3.3 Statistical analysis 
 
Statistical analysis was conducted using the R Core Team (2016), a language and environment for 
statistical analysis (R Foundation for Statistical Computing, Vienna, Austria; https://www.R-
project.org/). The normality of the distribution of the analysed variables was assessed with the 
Shapiro-Wilk test. Pearson's product moment correlation coefficients along with 95% confidence 
intervals were calculated to assess the correlation between the corneal changes and the mean 
spherical equivalent (MSE) treated. A p-value lower than 0.05 was considered statistically significant. 
Due to the low frequency in which the post-LASIK ectasia occurs and the time between the surgery 
and the development of the complication being usually long, it is not easy to collect good quality data 
of these cases and their sample sizes are usually low. The sample size required to determine whether 
a correlation coefficient differs from zero when α = 0.05 and β=0.2, is 4 subjects when high correlations 
(r2≥0.95) are expected. Even though, the power of the study (1-β) to find significant correlation when 
the coefficient presents lower values than mentioned before, reduces with the small sample sizes, a 
non-significant correlation does not necessarily mean that this correlation is non-existing. According 
to Goodman: “A nonsignificant difference merely means that a null effect is statistically consistent 
with the observed results, together with the range of effects included in the confidence interval. It 
does not make the null effect the most likely. The effect best supported by the data from a given 
experiment is always the observed effect, regardless of its significance.”(114) 
3.4 Clinical characteristics and surgical parameters 
 
In the stable group, 32 eyes of 32 patients were included and 4 eyes of 2 patients composed the ectasia 
group. Patient’s baseline characteristics and surgical parameters are summarised in Table 3-1.  
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27.1 ± 4.2 
(25 -32) 
-4.78 ± 1.52    
(-8.25 - -1.50) 
544.1 ± 27.5  
(482 - 604) 
123.5 ± 9.5 
(103 - 150) 
81.8 ± 24.3 
(27 - 128) 
6.7 ± 0.3  
(6.0 - 7.4) 
7.8 ± 0.3  
(6.9 - 8.4) 
Ectasia Patient 1               
OD 
45 
-5.75 516 98 107 6.5 7.2 
OS -5.25 489 90 98 6.5 7.2 
Ectasia Patient 2          
OD 
40 
-8.75 494 90 135 6.0 7.1 
OS -6.5 500 80 103 6.0 7.1 
 
MSE: Manifest Spherical Equivalent; CCT pre: Central Corneal Thickness of the preoperative;                   
CCT post:  Central Corneal Thickness of the postoperative; FT:  Flap Thickness; AD: Ablation Depth;        
OZD: Optical Zone Diameter  
 
At 3 months postoperative the MSE were comparable in both groups. In the stable group it was 0.06 
± 0.29 D (-0.38 – +1.00 D) and it was 0.05 ± 0.39 D (-0.50 – +0.38 D) in the ectasia group.  
 
3.5 Change in anterior corneal power 
 
Figure 3-1 shows the reduction in mean anterior keratometry (ΔK [D]) versus the treatment MSE (tMSE 
[D]). Results in the two groups were similar and high negative correlations were found. The regression 
equations for the straight lines in Figure 2-1 are: 
ΔK = -0.82 * tMSE + 0.42 (Stable) (r2=0.96 [0.91 – 0.98])    (Eq. 3.1) 
ΔK = -1.08 * tMSE - 0.55 (Ectasia) (r2=0.95 [0.05 – 0.99])   (Eq. 3.2) 
where ΔK (D) is the reduction in anterior keratometric value and tMSE is the treated mean spherical 
equivalent; r is the product-moment correlation coefficient with the 95% confidence interval. The 
correlations between ΔK and tMSE were shown to be highly significant (p<0.001 for stable and 
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p=0.025 for ectasia group). The slope of the regression equation close to -1 in both cases represents 
that the change in anterior corneal power and the intended correction were roughly of the same 
magnitude in different directions (i.e., the intended correction of MSE of -1 D would produce 1 D of 
reduction in anterior corneal power, with only mild differences in each group.  
 
Figure 3 - 1 Early postoperative reduction in anterior corneal power as a function of treatment MSE 
in patients that remained stable after the surgery and in patients that developed post-LASIK ectasia. 
3.6 Change in corneal thickness 
 
The reduction in CCT (Δt [µm]) versus the tMSE is shown in Figure 2-2. It is also observed that the 
reduction in thickness is negatively correlated with the in intended correction, i.e., the reduction in 
thickness is higher in cases of more negative corrections. The regression equations for the straight 
lines in Figure 2-2 are: 
Δt = -12.82 * tMSE + 28.92 (Stable) (r2=0.75 [0.52 – 0.88])  (Eq. 3.3) 
Δt = -10.28 * tMSE + 43.15 (Ectasia) (r2=0.87 [0.06 – 0.99])  (Eq. 3.4) 
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where Δt (µm) is the reduction in central corneal thickness value and tMSE is the treated mean 
spherical equivalent; r is the product-moment correlation coefficient with the 95% confidence 
interval. The correlation between Δt and tMSE was found significant in the stable group (p<0.001) and 
barely significant in the ectasia group (p=0.064). Even though, the significance level to reject the null 
hypothesis wasn’t reached and the confidence interval was large in the small sample that compose 
the ectasia cases, the slopes of the regression lines and the correlation coefficients were very similar 




Figure 3 - 2 Early postoperative reduction in corneal thickness as a function of treatment MSE in 




3.7 Change in posterior corneal radius of curvature 
 
The posterior corneal surface has a negative refractive power due to the smaller index of refraction of 
the aqueous humour when compared to the corneal index of refraction. In order to better evaluate 
the shape modifications, the change in the central 3mm posterior radius of curvature in mm versus 
the tMSE is presented in figure 2-3.  The regression equations for the straight lines in figure 2-3 are: 
Δr = 0.02 * tMSE - 0.04 (Stable) (r2=0.45 [0.17 – 0.68])   (Eq. 3.5) 
Δr = 0.07 * tMSE + 0.19 (Ectasia) (r2=0.83 [0.15 – 0.99])  (Eq. 3.6) 
where Δr (mm) is the change in posterior radius of curvature and tMSE is the treated mean spherical 
equivalent; r is the product-moment correlation coefficient with the 95% confidence interval. The 
correlations between Δr and tMSE were significant for the stable group (p<0.001) and barely 
significant for the ectasia group (p=0.088). In opposition to the flattening observed in the anterior 
corneal surface by the reduction of the refractive power, it is observed steeping in the posterior 
surface by the decrease in posterior radius of curvature. Even though, the significance level to reject 
the null hypothesis wasn’t again reached and the confidence interval was large in the ectasia cases, 
the higher slopes of the regression lines in this group point towards the direction of higher posterior 




Figure 3 - 3 Early postoperative change in central posterior radius of curvature as a function of 
treatment MSE in patients that remained stable after the surgery and in patients that developed 
post-LASIK ectasia. 
 
3.8 Concluding remarks 
 
In this chapter, the effects of the refractive surgery on the corneal shape were evaluated. Similar 
trends were observed in both groups regarding the amount of flattening and thinning in relation to 
the amount of treatment. Corneal steepening was observed in the posterior surface in both groups, 
and it was more intense among the patients that developed post-LASIK ectasia. It is important to 
acknowledge that the small size of the ectasia group is a limiting factor of this analysis and the trends 




Chapter 4:  Determination of Patient-Specific corneal material 
properties by means of numerical and clinical data 
4.1 Introduction 
 
The changes in raw elevation maps are subtle, therefore its use by clinicians is not practical (115). The 
power maps are easier to interpret and are widespread in clinical practice (116). In addition to that, 
the goal of the laser vision correction surgery is to change the refractive power of the cornea so that 
the light rays can be focused on the retinal plane. The results in this section present the corneal 
refractive power in the central 3mm diameter zone with different corneal stiffness levels. The central 
corneal curvature values were chosen because they are more reliable and the usual exam coverage 
does not include the periphery (117). First, the curvature error between each simulation and the 
clinical value was evaluated for each eye in the study in order to evaluate the patient-specific corneal 
material properties and then compare it between the groups.  
4.2 Statistical analysis 
 
The main outcome of the thesis was the evaluation of the corneal material properties differences 
between the stable cases and the cases that developed ectasia. Sample size was calculated from a 
previous pilot study conducted by the BioEG group from the University of Liverpool (Elsheikh et al., 
unpublished data) in which the corneal material properties of healthy patients were compared with 
patients with corneal ectasia. To confirm a expected difference of 0.6 in standardised corneal material 
properties with a standard deviation of 0.4, power of 80%, and significance level of 5%, keeping a 
proportion of patients that developed ectasia for patients that remained stable of 1:8 (since the 
surgical complatication is a rare event),  the sample size should consist of a minimum of 36 eyes (4 
eyes that developed ectasia and 32 eyes that remained stable). The statistical analysis was conducted 
using the R Core Team (2016), a language and environment for statistical analysis (R Foundation for 
Statistical Computing, Vienna, Austria; https://www.R-project.org/). The normality of the distribution 
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of the analysed variables was assessed with the Shapiro-Wilk test. Student’s t test was used to 
evaluate the differences between the groups. A p-value lower than 0.05 was considered statistically 
significant.  
4.3 Simulation results 
 
The simulation will be exemplified in one patient with average ocular dimensions that remained 
stable after the surgery. The right eye of the chosen patient who was a 25 years-old female treated 
for -4.50D (MSE) is shown. The process starts with adjusting the idealised eye to the patient-specific 
shape and axial length. Figure 4-1 illustrates this matching process in a single patient.  
 
Figure 4 - 1 On the left, idealised eye dimensions. On the right, corneal curvature and axial length 
matched to patient-specific information 
Central refractive power change from the idealised eye to the clinically match numerical mesh is 




Figure 4 - 1Corneal Surface with central optical zone for refractive power calculation marked with 
circles. RPf = refractive power of front surface; RPb = refractive power of back surface,                      
RP total = RPf + RPb. 
The next step of the simulation is to obtain the stress free configuration considering the average 


















Figure 4 - 2 Stress free form of a single patient’s eye. On the left the original patient’s axial length 
and corneal thickness. On the right the shortening and thickening resulting from the process of 
removing the stresses. 
 
The corneal tissue is removed and the flap is detached at this stress free stage according to estimated 





Figure 4 - 3 Corneal cross-section evidentiating the surgery parameters (Flap and Ablation) estimated 
based on clinical information of the patient used in the example. 
The final model after surgery has been introduced and is inflated to the measured IOP using static 
analysis in Abaqus. It is observed in figure 4-5 that the flap, apart from the hinge area, which is the 
only part that is still attached to the rest of the corneal tissue, carries almost no stress. The 





Figure 4 - 4 Stress distribution over the flap area at the central cornea. 
 
 




After generating this patient-specific final model and simulating the surgery, its post-surgery thickness 
was compared with the clinically measured central corneal thickness. Since the surgical parameters 
are not fully available, certain approximations were adopted. A thickness correction factor is defined 
to shift the models’ posterior surface. However, the curvature is not altered, as observed in figure 4-
7. 
 
Figure 4 - 6 Comparison of numerical and clinical postoperative central corneal thickness (CCT) and 
estabilishment of thickness correction factor. 
The final step of the process is, after applying the correction factor, to compare the curvatures of the 
numerical and clinical models and calculate the mean error. Figure 4-8 exemplifies the final output 




Figure 4 - 7 Comparison of final central refractive power and calculate the mean error. In this specific 
case it was -0.01D. 
4.3 Corneal material properties as a risk factor for post-LASIK ectasia 
  
The process described in the last section is repeated 6 more times with different corneal stiffness 
levels. The thickness correction factor, however, is kept the same as the one obtained with the average 
corneal stiffness (μ = 0.05399). The material parameters were expressed as a percentage of the 
average corneal stiffness, with 1 representing the previously described average physiological corneal 
stiffness by Eliasy et al. (Unpublished data). The same group also described the physiological range 
between 0.5 and 2.5, regarding the average corneal material parameters. The mean central refractive 
power obtained with each material parameter is subtracted from the mean clinical refractive power 
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and a curve is interpolated using cubic spline method. The point where the error is closest to zero is 
representative of the corneal stiffness of the patient. Figure 4-9 illustrates this process in the single 
patient, whose data was used in the example.  
 
Figure 4 - 8 Error calculation of the refractive power map to define the patient-specific corneal 
material properties. 
The stable group, as previously described, composed of 32 eyes from 32 patients, presented corneal 
material properties of 1.2 ± 0.6 and the average value of the ectasia group (4 eyes of 2 patients) was 




Figure 4 - 9 Corneal material properties distribution across the groups. 
 
4.4 Effect of corneal stiffness on corneal curvature 
 
Considering all cases, the change in corneal curvature in relation to the corneal material stiffness is 





Figure 4 - 10 Change in power according to the corneal material properties. 
 




In this chapter, the results are discussed regarding the corneal shape alterations with refractive 
surgery, differences in corneal stiffness between the groups and its effects in corneal curvature are 
discussed. Limitations and future plans are delineated, and conclusions of the study are drawn. 
5.2 Corneal shape changes after refractive surgery 
 
Similar trends were observed in flattening of the anterior surface and corneal thinning between 
stable and post-LASIK ectasia cases. On the posterior surface, even though statistical significance 
was not reached, there was a difference in trend. The stable cases presented only mild posterior 
steepening, while in the ectasia cases this steepening was more pronounced.  
The first reports of posterior alterations changes after refractive surgery using a slit-scanning 
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studies using different technologies suggested a present but milder forward shift of the posterior 
surface (121-123). Most of the studies reported the steepening in terms of relative elevation rather 
than posterior radius of curvature. Naroo et al, reported reduction in posterior best-fit sphere (BFS) 
radius measure with the Orbscan ranging from 0.6 to 1.8 mm. Hashemi et al, also reported reduction 
in posterior BFS radius, but found lower values. In their study, using newer versions of the 
tomographers, the maximum reduction on the BFS measured with Orbscan II was 0.31 mm and with 
the Pentacam 0.25 mm. In this study, the reduction in the posterior surface radius of curvature is 
consistent with the more recent results. The observation of a different trends between the two groups 
suggests that this higher steeping can be an early sign of the complication, however, the results should 
be interpreted with caution due to the absence of statistical significance and this result needs to be 
replicated in a bigger sample. Another point to be considered is that post-LASIK ectasia is a late 
complication. The average time reported by Randleman et al. was 15.3 months with only one-third of 
the cases presenting the ectasia before 6 months (124). Bohac et. Al reported an incidence of 10 cases 
of ectasia in over 30,000 cases operated. In their series the earliest onset was 8 months and the 
average time of occurrence of the complication was 3.8 years (125). In this study only early 
postoperative was evaluated and big alterations in the posterior surfaces weren’t expected.  
 
5.3 Corneal Biomechanics as a risk factor for post-LASIK ectasia 
 
To the best of our knowledge, this was the first study to evaluate the corneal material properties as a 
risk factor for iatrogenic ectasia. The concept has been addressed since the first reports, but so far, no 
study was able to demonstrate it, as was done in this thesis. The main reasons are that it is extremely 
difficult to get the patients to include in the study, there was no proper method for evaluating the 
corneal material properties in vivo and systematic corneal material parameters with close relation to 
the human tissue to be used in the numerical models hadn’t been established yet. 
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5.3.1 Post-LASIK ectasia mechanisms 
The corneal post-LASIK ectasia is a multifactorial complication, however, it is known that there is a 
biomechanical failure of the tissue (126). It can happen if the tissue was already soft or if it was 
considerably softened by the surgery with resulting low residual stromal bed or by repeated trauma 
during the postoperative period, such as eye rubbing (86, 87, 108, 127). While devastating, it is usually 
infrequent, with an incidence ranging from 0.04 to 0.9% (90, 128-130). Sometimes it may take 11 years 
for its onset (131). All of that makes it hard to get good quality patients’ records and exams to study.  
In this study, it was possible to get complete information on 4 eyes from 2 patients that developed 
the complication without commonly reported risk factors such as alterated topography or low RSB. 
This includes clinical records, information about the surgical parameters such as the programmed flap 
thickness and attempted myopia correction, along with tomographic exams, including information on 
both corneal surfaces and the thickness profile, from the pre and the early postoperative. This kind of 
technology to measure the posterior corneal surface wasn’t available until the mid-2000s, so previous 
publications only took into account the front surface and the central corneal thickness data, therefore 
not suitable to build accurate numerical models. There are very few publications evaluating case series 
of patients that developed post-LASIK ectasia with whole cornea information from the pre and the 
postoperative. Bühren et al. reported tomographic findings of 10 eyes from 5 patients that developed 
post-LASIK ectasia (132). However, the authors did not report initial postoperative corneal 
characteristics. In a previous work, the author could evaluate data of 71 eyes from 45 patients, but 
since the purpose of the study was to improve the current preoperative method, attention was given 
to the preoperative exams and early postoperative was not evaluated (17). As the event is not 
frequent, collecting this early good quality postoperative data was the main limiting factor to increase 
the sample size.  
In clinical practice, corneal softness is usually identified based on changes present on the power maps 
(91). They are a good indication but are not highly correlated with the tissue stiffness. This can be 
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observed by the numerous cases that developed ectasia without evident corneal curvature alterations 
(17, 132). Or by cases with clear alterations that remained stable over the years spontaneously or even 
after refractive surgery (133).  Currently, there are two devices commercially available to measure 
corneal biomechanics in vivo, the Ocular Response Analyzer (ORA; Reichert, Buffalo, NY) and the Corvis 
ST (Oculus, Wetzlar, Germany). They are both non-contact air-puff based tonometers that evaluate 
the corneal deformation. The first takes indirect measures of corneal deformation through the 
incidence and reflexion of the infrared light (134). The second has an ultra-high speed Scheimpflug 
camera that can capture the actual corneal movement at the horizontal cross-section (135). They 
both, in their available software, present measures that are also not related to standard mechanical 
properties.  
The ORA has two types of indices: indices derived from the pressures, at which applanation occurs 
and indices related to the waveform. Among the pressure-derived indices is corneal hysteresis (CH), 
obtained from the difference between the first and second applanation pressures (P1 and P2, 
respectively) and the corneal resistance factor (CRF) which equals P1 – k*P2, where k is a constant. 
This constant was empirically developed to increase the correlation of CRF with CCT (134). Both indices 
are reduced in keratoconus and after refractive surgery (136). Conversely, there was a large overlap 
in the distribution of CH and CRF between healthy corneas and corneas with mild forms of ectasia , 
even though the overlap was lower than that observed with standard metrics such as corneal 
curvature and thickness (137). Luz et al. tested the pressure-derived parameters in forme fruste 
keratoconus cases and found no statistically significant differences between this group and healthy 
corneas (138). However, the authors identified significant differences between the two groups in 
some waveform derived parameters, but with large overlaps and low discriminating ability. The area 
under the first peak, which was the index that presented the best accuracy to discriminate between 
the two groups, had area under the ROC curve of 0.717 (138). As single parameters, the ORA indices 
have limited reliability in the diagnosis of corneal ectasia and in the screening of refractive surgery 
candidates (139). However, a combination of parameters from ORA and tomography was more 
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promising in detecting susceptible cases and provided AUC of 0.953, which outperformed individual 
parameters (138). 
The Corvis ST represented an evolution in terms of biomechanical evaluation, since direct visualisation 
of the cornea under deformation was possible (140). Even though the discriminant ability of individual 
deformation parameters was also not sufficient to separate the ectasia from the healthy cases, 
combinations of parameters (leading for example to the Corneal Biomechanical Index, CBI and 
Tomographic Biomechanical Index, TBI) showed better reliability (141) especially in the detection of 
very early cases (142, 143).  
Despite both ORA and Corvis ST being able to measure corneal biomechanics in vivo, there was still a 
lack in their ability to measure standard mechanical properties such as the tangent modulus. Their 
measures are also influenced by confounding factors that include the intraocular pressure and corneal 
thickness (144). 
Recently, the BioEG group from the University of Liverpool developed a method to obtain the full 
stress-strain curve using the Corvis ST data through inverse analysis (110). The method that we used 
in this thesis can be related to the method proposed by the group. Future perspectives will involve the 
correlation of the two methods to allow the use the corneal material properties as a proper screening 
parameter before laser vision correction surgery.   
The use of corneal material properties during the preoperative will fill a gap in the current screening 
strategy. So far, alterations that resemble the corneal ectatic pattern on the anterior surface power 
map, on the posterior surface relative elevation and on the thickness profile are used as risk factors 
to counter-indicate the refractive surgery (145). Some attempts have been made to characterize the 
biomechanical fragility of very early disease cases with in vivo measurements (142, 146). These cases 
would serve as a surrogate population of the post-LASIK ectasia, but there is still lots of controversies 
if those cases are really at high risk of developing the complication or not (147).  
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5.3.2 Corneal material models 
There are several numerical simulations of the refractive surgery described in the literature developed 
with the purpose of evaluating corneal softening after the procedure or the previous soft status as a 
risk factor (85-92). However, the material constants on these studies are derived from inverse analysis 
using previous healthy cornea data and they usually report consequences of the material behaviour 
such as displacement. They did not consider the tissue material properties as an individual risk factor 
for the complication. 
The study on corneal material properties conducted by BioEG group has established optimized 
constants for the corneal material model that are consistent to actual clinical scenarios (110). This 
made it possible to test the material parameters as a risk factor for the development of ectasia and 
the effect that corneal stiffness has on the final surgical outcome. 
We observed that the normal eyes presented corneal stiffness inside the normal range as described 
by Eliasy et al. from 0.5 to 2.5 (110). From the ectasia cases, 3 eyes presented corneal stiffness lower 
than the normal range and one eye was borderline regarding the lower limit of this range (0.5). These 
results are in accordance with the above-discussed theory that the previously present corneal softness 
would be an important predisposing factor to post-LASIK ectasia.  
The study presented in this thesis has a few limitations. The number of cases with ectasia is low (4 
eyes), and even though a good study power was reached for the main outcome (differences in corneal 
material stiffness between stable and ectasia cases), the power to evaluate curvature changes was 
not enough to draw stronger conclusions.  In terms of modelling of the refractive surgery, the laser 
manufacturers did not provide full information about the ablation profile. Further, for the flap profile, 
the measurements taken were not precise enough at the postoperative stage, which raised the need 
for some approximations.  Another limitation is the use of isotropic Ogden material model instead of 
relying on tissue microstructure that can enable the accurate representation of the tissue’s anisotropic 
and regional variation of behaviour. However, while there is now sufficient information on the 
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collagen fibrils’ distribution and anisotropy across corneal and scleral surface in healthy human eyes 
(148-150), the cross-thickness variation of fibril density is not yet well defined in the cornea. This point 
is of particular relevance to the current study where layers of corneal tissue are either separated or 
ablated, and hence assuming incorrectly a uniform cross-thickness fibril distribution may introduce 
significant errors in the model predictions. 
In this study, for the first time it was possible to evaluate the importance of corneal material properties 
as a risk factor for the post-LASIK ectasia. It was done by means of numerical simulations. The future 
perspective of this finding is to integrate this concept with devices that are able to measure the corneal 
biomechanics in vivo and make it available for use by clinicians when screening patients for the risk of 
post-LASIK ectasia development. 
 
5.4 Concluding remarks 
 
This thesis aimed to evaluate the corneal material stiffness as a risk factor for post-LASIK ectasia. 
Patient-specific numerical models were built with different corneal stiffness according to previously 
described material constants. The corneal curvature of the numerical model was compared to the 
corresponding clinical curvature in order to establish the patient’s material stiffness. We observed 
through this process that patients that developed the complication had softer corneas compared to 
those that remained stable. To the best of our knowledge, this was the first study to evaluate the 
material properties systematically in order to confirm the theory that stiffness could be a risk factor 
for the complication. This finding has clinical relevance since it is now possible to evaluate in vivo the 
corneal material properties on the preoperative screening of the patients and use this information for 
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